The objective of this study is to investigate the best means for referencing a regional geoid-based vertical datum to a network of tide gauges. In this study, a network of 27 tide gauge stations scattered along the coasts of Canada are used in order to assess the replacement of the conventionally derived Canadian Geodetic Vertical Datum of 1928 with a geoid-based datum. This is in-line with the future implementation plan of Canada's geoid-based vertical height system. A mixed least-squares adjustment was performed for various scenarios, including satellite-only global geoid models, combined global geoid models and regional geoid models. In addition, various sea surface topography and vertical ground motion models were tested for estimating orthometric heights. The resulting approximation of a local equipotential surface is compared to previously published values and considerations for referencing a geoid-based vertical datum to tide gauge networks are emphasized. 
Introduction
Canada is moving towards establishing a new geoid-based vertical datum by 2013 (Véronneau et al. 2006 ) to replace the current Canadian Geodetic Vertical Datum of 1928 (CGVD28). The official adoption of a geoid-based vertical datum is a relatively new endeavor with the rst implementation found in New Zealand's NZVD2009 datum and reference surface de ned by the EGM2008 geoid model (Amos and Featherstone 2009) . In order to realize the new vertical datum it is necessary to select an equipotential reference surface for orthometric heights. The Geodetic Survey Division (GSD) of Natural Resources Canada (NRCan) has estimated a local equipotential surface utilizing tide gauge (TG) networks in Canada and the USA and the reference surface for the orthometric heights to be the equipotential surface of the Earth's gravity eld passing through * E-mail: dxb112930@utdallas.edu point P with an adopted geopotential W 0 = 62636856.00 m 2 s −2 (Roman and Weston 2012) . The ultimate goal is to have a geoidbased vertical datum with centimeter accuracy. Although such a goal may (theoretically) be possible for geoid modeling, this may not be the case for the estimation of the equipotential surface. In this paper, a detailed investigation of the components that contribute to the estimation of W 0 is conducted to examine the challenges of referencing a geoid-based vertical datum to TG stations.
Speci cally, the role of data gaps in the time series of the TG stations, the geoid model used (global, regional, satellite-only, combined) , the vertical ground motion (VGM) model that is used to correct the TG observations, the relative weighting in the least-squares adjustment and the use of sea surface topography (SST) models are investigated. The aforementioned components may affect the computed W 0 value signi cantly and the goal herein is to reveal the level of importance of each component in Canada.
Combination Scheme via a Mixed Least-Squares Adjustment
The height differences computed from the ellipsoidal (h), orthometric (H) and geoid (N) heights are adjusted in order to estimate the geopotential value. In principle, the residual part of the height differences should correspond to the offset between the geopotential value used in the geoid model and the local geopotential value. In practice, random and systematic errors in the height components can contribute to a bias or to a spatial tilt of the height differences (Fotopoulos 2003 ). An attempt to correct for any systematic errors using the well-known similarity transformation model or in general using models with a constant parameter would result in a high correlation between the estimated geopotential value and the constant parameter of the model leading to unrealistic estimations of the local geopotential value and should therefore be avoided (Kotsakis et al. 2012) . Since the bias cannot be corrected independently using a parametric model, any systematic effects will contaminate the estimated geopotential value. Thus, a parametric model will not be implemented in this study, but the observation equation of the height differences is given as follows: (Burša et al. 2007 ), γ i is the normal gravity, and ν hzt , ν Hzt , ν Nzt are the random errors of the three height values. The normal gravity can be used as long as the difference between the true and normal gravity is less than 500 mGal (Kotsakis et al. 2012 ). 
where H C D is the height above the local chart datum, Z 0 absolute is the absolute mean water level and SST is the sea surface topography. The orthometric heights are converted to the zero tide system for consistency, using the formulas in Ekman (1989) . The absolute water level is derived after applying a correction for the vertical ground motion (VGM) as follows:
where Z 0 relative is the relative mean water level and υ is the correction for VGM computed by estimating an average vertical displacement using the vertical velocities from various models (discussed below). Using this adjustment scheme, the option of using a unit weight matrix, P=I, for the height components is often preferred as follows:
Where a (·) are the elements of the (m×1) Given appropriate uncertainty information we can incorporate a relative weighting scheme for the various height types which may lead to a more reliable and representative local geopotential value. A series of case studies were conducted using various weights (for P m×m ) in the adjustment based on SST, the distance from global positioning system (GPS) benchmarks and each TG station and data gaps in the TG time series to assess the affects if any on the nal geopotential value.
Description of Available Data
27 tide gauge stations with at least 19 consecutive years (from 1993 to 2012) of continuous water level records are used in this study (eg., to accommodate for the nodal effect of the moon with a cycle of 18.6 years -Pugh 1987) . Figure 2 provides a snapshot of the stations overlaid onto the Canadian Geodetic Gravity geoid model of 2010 (CGG2010). Evident from this gure are the signi cant spatial gaps across the country and the irregular distribution of stations along the coastlines. The time series of daily mean water level (MWL) for each TG station also contains data gaps that may lead to contaminated orthometric height values from neglected tide effects. TG stations are subject to vertical ground motion and therefore they observe the relative sea level change, which must be corrected for in order to derive absolute water level observations. In this study, three independent VGM models are used to assess the effect (if any) on the nal computed equipotential surface. Finally, in order to reference the orthometric heights to the local equipotential surface, a correction for sea surface topography must be applied. This particular parameter often poses a signi cant challenge in establishing vertical datums due to its inherent uncertainty ( Vanicek 1991 , Rengathanan 2010 .
Geoid and Ellipsoidal Heights
Five different gravity models are compared for the estimation of the geoid heights. These models are the satellite-only gravity models GOCO03s (Pail et al. 2010) , DIRR3 (Pail et al. 2011 ) and TIMR3 (Pail et al. 2011) , the combination gravity model of EGM2008 (Pavlis et al. 2012) and the gravimetric geoid model CGG2010. The geoid heights are computed with reference to the GRS80 gravity eld (Moritz 1992) in the zero tide system. The zero degree term based on the Burša et al. (2007) geopotential value is also added to the geoid heights. The ellipsoidal heights are derived form the closest GPS-on-BM to each TG station and are given in the tide-free system with respect to ITRF2005, epoch 2006 and are converted to the zero-tide system for consistency, using the formulas in Ekman (1989) .
Vertical Ground Motion
Three models for VGM were tested in the combined adjustment, namely (a) the ICE-5G VM2 L90 glacial isostatic adjustment model (Peltier 2004) , (b) GPS-derived rates aligned to IGS08 derived from nearby permanent GPS stations, and (c) combined altimetry/TG derived values (Ostanciaux et al. 2012) . Values estimated from models (a) and (b) are independently derived whereas the values from (c) are dependent on the TG data used in the adjustment and therefore cannot be externally assessed. A comparison of the computed residuals after applying each of the VGM models for the area of interest revealed that there was not a signi cant difference in which model values are used with a computed range of 0.01 to 0.17 m 2 s −2 . As expected, the greatest effect is seen at the tide gauge station in the Hudson Bay. Therefore, for the majority of the results presented herein, the GPS-derived VGM values were used with the only caveat being the spatial displacement of the closest GPS-on-benchmark station with the actual TG station. The average distance between the GPS benchmark location used to compute VGM and the associated TG station (baseline) is ∼34 km, with a minimum distance of 0.5 km and a maximum distance of more than 150 km. It should be recognized that the spatial decorrelation of the vertical ground motion increases as the baseline increases. Another note about this particular network that should be highlighted is the fact that most TG stations are not in an area that ex- perience considerable VGM (Braun et al. 2008 ).
MWL Data Gaps
One of the factors considered in the selection of the tide gauge stations was the duration of the available MWL time series. The selection of the 19-year window was found to be insigni cant to the nal computed W 0 value through an experiment where the start and end times of the 19 year window were successively shifted by one month and resulted in a standard deviation of only 0.01 m 2 s −2 .
Further tests were conducted to determine the in uence of data gaps in each of the tide gauge records during the used window.
Signi cant changes in W 0 (0.22 m 2 s −2 ) appear only after removing a large amount of data (several years). This is re ective of the fact that the MWL does not change much in this region and therefore a subset of the data is representative of longer time series in this case (Church and White 2011) .
Sea Surface Topography Models
Eleven different SST models were tested in the combined leastsquares adjustment for estimating W 0 . In general the models can be categorized according to their data sources as being either geodetic or oceanographic. Table 1 provides a summary of the models. Details on models G2 to O6 can be found in Woodworth et al. (2012) . These 10 aforementioned models are provided on a 0.25 • ×0.25
• grid with the average extrapolation distance for each tide gauge on the order of 50 km.
18 of the total tide gauges were used (see green dots on Fig. 2) as the remaining stations would produce exceedingly unrealistic extrapolated values. The G1 model -DTU10 MDT (Andersen and Knudsen 2009) on a 1'×1' grid does not require such extrapola- Oceanographic -Model with data assimilation of hydrography only from Smith and Murphy, 2007. (Marshall et al. 1997a,b) Figure 3. Estimated SST from various models at 27 TG stations in Canada.
tions as the available grid is within 1 to 2 km of the coastline due to the double re-tracking effort in the altimeter data (ibid 2009). Figure 3 depicts the estimated SST at the TG stations in Canada for all models; the difference between the East and West coast is evident. Table 2 As shown in Fig. 3 , the models agree in their relative shape, but a bias between most models is evident. Possible reasons for the differences between geodetic and ocean models can be due to the scope of ocean models designed for deep ocean circulation and thus not representative of coastal SST. Furthermore, the choice of reference air pressure for the inverse barometric correction and the wind setup near the coastlines can also be causes for some systematic effects (more details can be found in Woodworth et al., 2012) . Moreover, separate adjustments have been made for the two coasts to reveal any possible tilt. As it can be seen from Table 2, before applying the SST reduction the difference between the East and West coast is about 53 cm and a strong tilt is present. Therefore the SST reduction should bring the west and east coast at the same level, approximating the local equipotential surface. From the results in Table 2 it can be seen that a number of SST models manage to bring the two coasts almost at the same level, with a difference between the two coasts less than 5 cm. The SST model with the smallest remaining tilt is the G1 model, with the separation between the west and the east coast at the -1.3 cm. This difference is not signi cant based on the precision of the potential difference.
The O4, O5 and O6 models result in a higher east-west difference ranging from 14 cm to 22 cm.
Discussion of results

Relative weighting of the height differences
In the adjustment scheme in Section 2, a unit weight matrix is used for the height components in Eq. (5). Incorporating a relative weighting of the various height types in order to obtain a more reliable and representative local geopotential value can be achieved by varying the composition of the weight matrix, P, in Eq. (5). Taking into account SST and the distance of the GPS benchmarks from the TG stations, a series of case studies were conducted to assess the relative weighting scheme. In the rst scenario, lower weights were assigned to tide gauge stations that are located in closedsea areas where SST is typically difficult to model. In this case, the 3 stations that were down-weighted are noted as orange dots in Fig. 2 . A second scenario included an inverse distance weighting based on the baseline between the GPS benchmark and the nearest TG station (used for the GPS-derived VGM rates). Both fullypopulated and diagonal weight matrices were tested, and results showed small differences in the computed geopotential value with the only difference being an overly optimistic standard deviation for the fully populated solution. By far, the most notable difference is seen when the 3 stations located in closed-sea areas are weighted differently. In fact, if these stations are removed from the solution, and all other parameters are varied, the solution is quite stable and does not change. Once we re-introduce the 3 stations, a difference of up to 5.7 cm in orthometric height (0.56 m 2 s −2 in W 0 ) is evident for the unit weight matrix solutions. This emphasizes the key role of the SST model values, as well as the sensitivity of the network design in the combined adjustment. Figure 4 shows the offsets of the geopotential value 62636858.12 m 2 s −2
(estimated using the SST relative weighting for 3 stations) from other accepted/known values. This estimated value has a signi - cant difference from the mean CGVD28 value (11.9 cm), the value used in the latest geoid model (24.8 cm) of Canada and the value chosen for the new vertical datum of Canada (21.6 cm). The main reasons for the difference between the values in this study and the soon to be adopted value for North America is due to the incorporation of a different SST model and a different sub-set of TG stations.
Geoid model comparison
In Table 3 the statistics of the height residuals before and after the adjustment are shown for the ve gravity models. The adjustment is done using the scheme described in Eq. (1)-(5). Comparing the residuals it is evident that EGM2008 and CGG2010 have lower standard deviations by ∼40 cm from the satellite-only models, while the difference between the standard deviations of the CGG2010 regional model and EGM2008 are insigni cant. When the correction for the omission errors is applied, the GOCE models give slightly better standard deviation than EGM2008; most likely due to the contribution of the GOCE mission to the medium wavelengths (although the network used in this study consists of only 27 points) while the GRACE mission contributes more to the lower degrees of the spectrum (Gruber et al., 2011 , Pail et al., 2011 . Also evident from the standard deviations of the models that the resulting differences in the estimated geopoential value are not signi - 
Conculsions
In order to obtain an approximation of the local equipotential surface using local tide gauge stations, a number of data related issues must be dealt with. In this study, 27 stations in total were found to provide sufficient data (in terms of time series and spatial distribution). These data were combined with ve different geoid models (both regional and global) in order to determine the effect on the resulting geopotential value. Overall, it was found that all models provide the same results when the correction for the omission errors is applied. Also three VGM models derived from independent sources were tested and the computed difference in W 0 was found to be insigni cant. The SST model is the most critical component and the variability between the models overshadows the uncertainties existing in other components. Furthermore, the majority of the models were able to correct the tilt that exists between the west and east coast of Canada and bring the two coasts to the same surface (particularly the DTU10 model). Case studies were conducted by applying a fully-populated and diagonal weight matrix in the combined least-squares adjustment to account for the relative uncertainty in the various data sets. Overall, it was found that the uncertainty posed at individual tide gauge stations from the SST model values far outweighs the effect of any other parameter. 
